Adrenaline and dopamine are very important catecholamine neurotransmitters in the mammalian central nervous system. Catecholamine drugs are also used to treat hypertension, bronchial asthma and organic heart disease, and are used in cardiac surgery and myocardial infraction. [1] [2] [3] [4] The determination of catecholamines and their metabolites in body fluids, such as urine, plasma and serum, is one of the most important ways to evaluate the activity of the sympathetic nervous system and support the diagnosis of many diseases in fields of clinical medicine. Several highperformance liquid chromatography (HPLC) methods with online purification have been described for use in the analysis of catecholamines in biological samples using either fluorescence detection, [5] [6] [7] on-line chemical derivatization followed by fluorescence detection, [8] [9] [10] [11] capillary electrophoresis 12,13 or flow injection analysis. 14, 15 These methods generally have good sensitivity and reproducibility, and can meet practical requirements, but require expensive instruments, a well-controlled experimental condition and profound sample making. Therefore, simple methods are expected and attention has been paid to them. Electrochemical detection offers several advantages, including remarkable sensitivity, inherent minituralization and portability, independence of the optical path length or sample turbidity, low cost, low power requirements and high compatibility with advanced micromachining technologies. Because of the simple procedure and high sensitivity of electroanalysis and the electroactivity of catecholamines, studying and measuring catecholamines with electrochemical methods were carried out. HPLC coupled with electrochemical detection has been used for simultaneously measuring catecholamines. [16] [17] [18] In most of these applications, the use of bare electrodes for the electrochemical detection of catecholamines has a number of limitations, such as low sensitivity and reproducibility, a slow electron-transfer reaction, low stability over a wide range of solution composition and a high overpotential, at which the electron transfer process occurs. In order to maintain the stability of the electrode responses and also to improve the analytical characteristics of the detection of substrates, a chemical modification or electrochemical pretreatments should be applied to the working electrode.
Introduction
Adrenaline and dopamine are very important catecholamine neurotransmitters in the mammalian central nervous system. Catecholamine drugs are also used to treat hypertension, bronchial asthma and organic heart disease, and are used in cardiac surgery and myocardial infraction. [1] [2] [3] [4] The determination of catecholamines and their metabolites in body fluids, such as urine, plasma and serum, is one of the most important ways to evaluate the activity of the sympathetic nervous system and support the diagnosis of many diseases in fields of clinical medicine. Several highperformance liquid chromatography (HPLC) methods with online purification have been described for use in the analysis of catecholamines in biological samples using either fluorescence detection, [5] [6] [7] on-line chemical derivatization followed by fluorescence detection, [8] [9] [10] [11] capillary electrophoresis 12, 13 or flow injection analysis. 14, 15 These methods generally have good sensitivity and reproducibility, and can meet practical requirements, but require expensive instruments, a well-controlled experimental condition and profound sample making. Therefore, simple methods are expected and attention has been paid to them. Electrochemical detection offers several advantages, including remarkable sensitivity, inherent minituralization and portability, independence of the optical path length or sample turbidity, low cost, low power requirements and high compatibility with advanced micromachining technologies. Because of the simple procedure and high sensitivity of electroanalysis and the electroactivity of catecholamines, studying and measuring catecholamines with electrochemical methods were carried out. HPLC coupled with electrochemical detection has been used for simultaneously measuring catecholamines. [16] [17] [18] In most of these applications, the use of bare electrodes for the electrochemical detection of catecholamines has a number of limitations, such as low sensitivity and reproducibility, a slow electron-transfer reaction, low stability over a wide range of solution composition and a high overpotential, at which the electron transfer process occurs. In order to maintain the stability of the electrode responses and also to improve the analytical characteristics of the detection of substrates, a chemical modification or electrochemical pretreatments should be applied to the working electrode.
Gold electrodes modified with a self-assembled monolayer of 3-mercaptopropionic acid, 19 a glassy carbon electrode modified with cobalt(II) hexacyanoferrate films, 20 a glassy carbon electrodes modified with multiwall carbon nanotubes, 21 Pt and GC electrode modified with electropolymerization of luminal, 22 a L-cysteine self-assembled monolayer modified gold electrode, 23 a glassy carbon electrode modified with C60-dimethyl(β-cyclodextrine)2, 24 and a polyisonicotinic acid modified glassy carbon electrode, 25 have been used for the determination of catecholamines. Unfortunately, most modified electrodes used for catecholamines detection have certain disadvantages, such as considerable leaching of electrontransfer mediators and poor long-term stability; furthermore, the preparation methods are expensive and difficult, and the irreversible adsorption behavior renders routine analysis difficult; also, some of them are not sensitive enough for real sample analysis. Hence, it is pertinent to explore and to develop a simple and reliable method to fabricate different electrode surfaces with several electron-transfer mediators. Considering that iridium oxide (IrOx) film is stable, reversible and a good Recently, we have used a boron-doped diamond electrode modified with iridium oxide for the amperometric detection of an ultra-trace amount of arsenic(III). 28 The screen-printing technology has found wide use for analytical applications because of its low cost, which makes possible the mass production of electrodes and the development of practical in situ analysis. [29] [30] [31] [32] We reported the application of nafion-coated glassy carbon electrode modified with catechinhydrate and a basal plane pyrolytic graphite electrode modified with immobilization of multiwall-carbon nanotubes for the voltammetric and amperometric detection of dopamine and epinephrine in the presence of ascorbic acid. 33, 34 In the present study, the possibility of screen-printed electrodes modified with iridium oxide film to the electrocatalytic oxidation of catecholamines was investigated. Modified electrodes were used for the detection of neurotransmitters in the presence of a high concentration of uric acid. Finally, the analytical performance of iridium oxide modified screen-printed electrodes is described as an amperometric sensor for dopamine and epinephrine determination with high sensitivity and a good limit of detection.
Experimental

Reagents
All of the chemicals used were of analytical reagent grade and used as received.
Adrenaline, dopamine and potassium hexachloroiridate(III) were obtained from Aldrich. Aqueous solutions were prepared using doubly distilled deionized water, and solutions were deoxygenated by purging with highly purified argon gas, and the electrochemical cell was kept under an argon atmosphere throughout the experiments. Buffer solutions (0.1 M) were prepared from H2SO4, H3PO4, CH3COONa, Na2HPO4, HCl and KOH for the pH range 1 -11. The deposition solution of iridium was prepared according to a two-step procedure reported by Baur. 35 The first step in the preparation of the deposition solution is the formation of the diaquotetrachloroiridate(III) ion, Ir(H2O)2Cl4 -, from K3Ir(Cl)6. A 2 mM solution of K3Ir(Cl)6 in 0.1 M HCl is aquated by heating at 100˚C for 2 h. At this point the solutions are stable and can be stored for long periods of times (several months). The second step in preparing the deposition solutions is the formation of air-sensitive iridium(III) oxide from Ir(H2O)2Cl4
-by the addition of 1 M NaOH, accordingly to the following reaction: 35 Ir(H2O)2Cl4 -
Ir2O3·xH2O
(1)
Prior to the addition of the base, oxygen must be removed because the iridium(III) oxide is unstable in oxygen. After a thorough argon sparage, the acidic solution of Ir (H2O)2Cl4 -is naturalized by the addition of NaOH or potassium carbonate. The pH of the resulting solutions should be raised to 10.5 -11.5. It is this solution that is used for deposing iridium oxide onto screen-printed electrodes.
Apparatus
A Autolab modular electrochemical system (ECO Chemie, Ultrecht, The Netherlands) equipped with a PSTA 20 module and driven GEPS software (ECO Chemie) was used for amperometric and voltammetric measurements. The basic sensing strip (3 cm × 0.5 cm) comprised a carbon working electrode (0.0225 cm 2 ) and a silver/silver chloride reference NaOH → electrode deposited using conventional screen printing methodologies. The design and fabrication procedure for these electrodes have been described in the literature. 36, 37 A platinum wire is used as an auxiliary electrode for completing threeelectrode systems. The working electrode of screen-printedsystem is modified with the electrodeposition of iridium oxide (prepared as follows). A Metrohm drive shaft was used for stirring solutions during amperometric measurements of neurotransmitters. The electrochemical measurements were carried out at a thermostated temperature of 25 ± 0.1˚C. A personal computer was used for data storage and processing.
Electrodeposition of IrOx at the working electrode of a screenprinted system
The cyclic voltammetric, potential pulsing and galvanostatic methods have been used for the electrodeposition of IrOx at the surface of different electrode materials. The simplest and fastest method for the electrodeposition of iridium oxide is cyclic voltammetry; in the present study potential cycling was used to form an iridium oxide layer at the surface of the working electrode. For this purpose, the potential was scanned between -0.2 to 1.0 V vs. reference electrode at 50 mV s -1 for 25 cycles in a solution of 0.1 mM deposition solution (iridium(III) complexes in alkaline solution with pH 10.5). Figure 1 shows cyclic voltammograms resulting for the continuous cyclization of electrode potential. The currents on the consecutive scans increase, indicating the formation of an electroactive deposit on the electrode surface. The oxidation of iridium(III) oxide and precipate formation of iridium(IV) oxide films are known to be initiated electrochemically at the surface of the working electrode based on the following reaction: 35 Ir2O3·xH2O(aq) + 2OH -→ 2IrO2·xH2O(s) + H2O + 2e - (2) The modified electrodes were rinsed with distilled water, and applied for electrochemical measurements.
Results and Discussions
Electrochemical properties and stability of a screen-printed modified electrode Figure 2 shows cyclic voltammograms of an iridium oxide modified screen-printed electrode in a 0.1 M phosphate buffer solution (pH 7) at different scan rates. We found a well-defined 1276 ANALYTICAL SCIENCES NOVEMBER 2005, VOL. 21 redox couple with a formal potential of -0.05 V, low background currents and ∆Ep = 30 mV (scan rate 20 mV s -1 ).
As can be seen, the voltammetric peaks corresponding to the Ir(III)/Ir(IV) redox couple provide evidence for prolonged surface attachment. The ratio of the cathodic-to-anodic peak currents obtained at various scan rates (10 -100 mV s -1 ) was almost unity; the anodic and cathodic peak currents were proportional to the scan rate, as predicted for a diffusionless system, and the peak-to-peak potential separations was small for a sweep rate below 500 mV s -1 , suggesting facile charge transfer kinetics over this range of sweep rates. At higher sweep rates (v >1000 mV s -1 ), the peak separations begin to increase, indicating the limitation due to charge-transfer kinetics. The surface coverage of iridium oxide films was evaluated using the following equation:
Where Q is the charge obtained by integrating the anodic peak at a low scan rate (20 mV s -1 ), and the other symbols have their usual meaning. In the present case, the calculated value of Γ is 4.4 × 10 -10 mol cm -2 . The stability of the IrOx-modified screenprinted electrode was tested by cyclic voltammetry. The peak height and peak potential of the surface immobilized films by cycling the electrode potential over the range -0.2 to 1.0 V (not shown) remained nearly unchanged, and the amounts of degradation after 300 cycles in electrolyte solutions with pH 2, 7 and 10 at scan rate 100 mV s -1 were less than 3%. Also, the stability of a modified electrode and the reproducibility of its electrochemical behavior was investigated by cyclic voltammetry after storing it in a phosphate buffer solution for a long period of time (1 -10 days), and then recording cyclic voltammograms. No recognizable change in the corresponding cyclic voltammograms was observed. The effect of the pH on the electrochemical properties of the screen-printed electrode modified with iridium oxide was investigated by recording cyclic voltammogras of the modified electrode in an electrolyte solution over a wide pH range at a scan rate 50 mV s -1 (not shown). With increasing pH values, the formal potential is shifted to negative potentials but the peak potential separation and the peak currents are unchanged. These results indicate the excellent adherence of iridium oxide films on the surface of screen-printed electrodes, then, this modified electrode can be used in electrocatalytic processes and sensor devices.
Electrocatalytic oxidation of adrenaline and dopamine on iridium oxide-modified screen-printed electrodes
As mentioned above, because screen-printed electrodes modified with iridium oxide films had very stable electrochemical behaviors in a wide range of pH, they might be used as sensors for analytical applications. One of the objectives of this work was to fabricate a modified electrode capable of the electrocatalytic oxidation of neurotransmitters (catecholamines derivatives).
In order to test the electrocatalytic activity of a modified electrode, cyclic voltammograms were obtained in the presence catecholamine compounds at the surface of unmodified electrode screen-printed electrodes and screen-printed electrodes modified with a thin film of iridium oxide. Figure 3 shows cyclic voltammograms for the electrooxidation of adrenaline at unmodified electrode and modified screen-printed electrodes in a buffer solution (pH 5). As can be seen at the surface of a bare screen-printed electrode, adrenaline is electroinactive in potential range -0.2 to 1.0 V. At the surface of a modified screen-printed electrode, upon the addition of 1 mM adrenaline, there was a dramatic enhancement of the anodic peak current, and the cathodic peak current disappeared. Thus, decreases in the overpotential and the enhancement of anodic peak current for adrenaline oxidation indicate a strong catalytic effect of an IrOx modified screen-printed electrode. The same catalytic ability for the oxidation of dopamine was observed at the surface of a modified electrode. The anodic response decreased 1277 ANALYTICAL SCIENCES NOVEMBER 2005, VOL. 21 slightly (5%) during 3 scans, and remained highly stable; the peak potentials were unchanged to positive values for more than 50 repetitive scans. Thus, screen-printed electrodes modified with an iridium oxide thin film not only shows catalytic activity, but also have antifouling properties for neurotransmitters and their oxidation products. Also, upon using the modified electrodes after leaving them unused for periods of two weeks in 0.1 M phosphate buffer (pH 5) the peak potentials for dopamine and adrenaline oxidation were again unchanged, and the current signals showed only less than a 3% decrease of the initial response. In order to optimize the electrocatalytic response of a modified IrOx screen-printed electrode toward neurotransmitters oxidation, the effect of the pH on the catalytic oxidation behavior was investigated. Cyclic voltammograms of a modified electrode in 1 mM adrenaline at different pH values were recorded (not shown). At pH 3 -8, the modified electrode showed electrocatalytic activity, but a higher peak current was observed at pH 5. For electrooxidation of dopamine at the surface of a modified electrode the optimum pH value was also 5.
Additionally, the peak potentials were shifted with increasing pH values, which were the same results as was reported for the oxidation of catecholamines at the surfaces of different modified electrodes. 19, 33 Figure 4 shows the dependence of the voltammetric response of a modified screenprinted electrode on the adrenaline concentration with the addition of adrenaline. There was an increase in the anodic peak current and a decrease in the cathodic peak current. By recording cyclic voltammograms of a 0.5 mM adrenaline solution at different scan rates (not shown), the peak currents for the anodic oxidation of adrenaline are proportional to the square root of the scan rate. Those results indicate that at sufficiently positive potential the reaction is controlled by the diffusion of adrenaline, which is the ideal case for quantitative applications. It can also be seen that by increasing the sweep rate the peak potential for the catalytic oxidation of adrenaline shifts to a more positive value, and the reverse scan peaks are observed to grow with increasing scan rate, suggesting a kinetic limitation in the reaction between the redox sites of iridium oxide and catecholamine. Based on the results, the following catalytic scheme (EC′) showed that IrO2 specifically catalyzed adrenaline oxidation in the following electrochemical catalytic pathway;
Ir (Ox. form) + Adrenaline (Red. form) Ir (Red. form) + Adrenaline (Ox. form). (5) In order to obtain information on the rate-etermining step, the Tafel slope was determined by using the following equation:
Based on this equation, the slope of Ep versus log v plot is b/2, where b indicates the Tafel slope. The slope of Ep versus log v plot is ∂Ep/∂log v, which was found to be 42 mV; thus, b = 2 × 42 = 84 mV. This slope indicates that a one-electron transfer process is a rate-limiting step, assuming a transfer coefficient of α = 0.31. The catalytic rate constant for reaction 5 can be evaluated by cyclic voltammetry. Under the above conditions for the EC′ mechanism, the Andrieux and Saveant theoretical model 39 can be used to calculate the catalytic rate constant. According to this theory, a relation between the peak current and the concentration of the substrate compound for the case of low scan rates and a large catalytic rate constant exists,
Hense, D and Cs are the diffusion coefficient (cm 
Amperometric detection of dopamine and adrenaline at modified screen-printed electrodes
Since hydrodynamic amperometry under stirred conditions has a much higher current sensitivity than cyclic voltammetry, it was used to estimate the lower limit of detection of neurotransmitters at IrOx modified screen-printed electrodes. Figure 5 shows chronoamperograms recorded at a stirred solution under conditions where the potential of modified . The electrode has a detection limit of 30 nM at signal-to-noise ratio of 3. The results of using modified screen-printed electrodes indicated that the useful analytical concentration range for dopamine determination is 0.1 -70 µM, the current is also sensitively related to the dopamine concentration I (µA) = 0.081 µA µM -1 + 0.0256 µA, r 2 = 0.9959. The detection limit for dopamine is 80 nA/µM and 15 nM, respectively. One of the advantages of this modified electrode for the amperometric detection of adrenaline and dopamine is its highly stable amperometric response during a long period of time toward neurotransmitters oxidation. The amperometric response of 4 µM adrenaline was recorded over 35 min periods (not shown). The results indicate that after only 35 min, a 5% decrease was observed in the response. To evaluate the repeatibility of a modified screen-printed electrode with an iridium oxide layer for dopamine and adrenaline detection, a series of replicate addition of dopamine and adrenaline was recorded (not shown). The relative standard deviations for 8 replicate addition of dopamine and adrenaline were less than 2.5% and 4%. Thus, IrOx-modified screenprinted electrodes were found to exhibit high sensitivity, stability for a long period of time, reproducibility and a fast response time for dopamine and adrenaline determinations.
Analytical performance of the IrOx modified screen-printed electrode for dopamine and adrenaline detection in the presence of high concentration of uric acid
Neurotransmitters are present in very low concentration, while many other electroactive species, such as uric acid and ascorbic acid, are present at high concentrations, and interfere with the determination of catecholamine substances. Many efforts have been spent to avoid interferences. For this purpose, a promising approach for enhancing the sensitivity and selectivity is through the use of chemically modified electrodes. Many modified electrodes have been used for separating the electrochemical responses of neurotransmitters, uric acid or ascorbic acid or the elimination of ascorbic and uric acid signals. 33, 34, [40] [41] [42] [43] Here, IrOx-odified screen-printed electrodes were used to examine the electrochemical response of neurotransmitters in the presence of uric acid and ascorbic acid. Figure 6 shows cyclic voltammograms of a modified electrode in solutions containing 0.5 mM adrenaline and mixture of 0.5 mM adrenaline and 0.5 M uric acid. As shown, the modified electrode efficiently eliminates interference from uric acid when present in a 1000-fold concentration ratio. As shown in the inset of Fig. 6 , no recognizable signals were observed for the same solutions at the surface of bare screen-printed electrodes. The interference effect of uric acid on the amperometric response of dopamine was also evaluated. Figure 7 shows the response of the modified electrode for interval additions of 10 µM dopamine and 2 mM uric acid. As can be seen, no interference of uric acid is observed when present in a 200-fold concentration ratio. The interference effect of ascorbic acid on the voltammetric response of dopamine and adrenaline was also evaluated. In this case, the IrOx-modified screen-printed electrode can not eliminate interference from ascorbic acid when present in a 10-fold more concentration ratio. Thus, the modified screenprinted electrodes can be used in the amperometric or voltammetric detection of neurotransmitters in solutions containing high concentration of uric acid and a lower 1279 ANALYTICAL SCIENCES NOVEMBER 2005, VOL. 21 concentration of ascorbic acid.
Conclusion
Screen-printed electrodes were modified by the electrodeposition of iridium oxide, using potential cycling in a saturated solution of alkaline iridium(III) solution.
The electrocatalytic behavior of iridium oxide-modified screen-printed electrodes for neurotransmitters oxidation was investigated by using both cyclic voltammetry and hydrodynamic amperometry experiments. Measurements of adrenaline and dopamine at a low applied potential (200 mV) were performed in the amperometric mode. The linear ranges of two analytes were over three orders of magnitude, and the limits of detection were 30 and 15 nM for adrenaline and dopamine, respectively. The electrocatalytic rate constant was evaluated by cyclic voltammetry.
The modified electrode could efficiently eliminate the interference of uric acid and ascorbic acid at 1000-and 10-fold concentration neurotransmitters. Because of the good reproducibility, short response time, long-term stability, high sensitivity and low detection limit of this screen-printed modified electrode, it can be used as an amperometric detector for neurotransmitters and ascorbic acid detection in a flow system, HPLC and capillary electrophoresis techniques.
